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The diverse morphologies of animal tissues are
underlain by different configurations of adherent cells
and extracellular matrix (ECM). Here, we elucidate
a cross-scale mechanism for tissue assembly and
ECM remodeling involving Cadherin 2, the ECM pro-
tein Fibronectin, and its receptor Integrin a5. Fluo-
rescence cross-correlation spectroscopy within the
zebrafish paraxial mesoderm mesenchyme reveals a
physical association between Integrin a5 on adjacent
cellmembranes. This Integrin-Integrin complex corre-
lateswith conformationally inactive Integrin. Cadherin
2 stabilizes both the Integrin association and inac-
tive Integrin conformation. Thus, Integrin repression
within the adherentmesenchymal interior of the tissue
biases Fibronectin fibrillogenesis to the tissue surface
lacking cell-cell adhesions. Along nascent somite
boundaries, Cadherin 2 levels decrease, becoming
anti-correlated with levels of Integrin a5. Simulta-
neously, Integrin a5 clusters and adopts the active
conformation and then commences ECM assembly.
This cross-scale regulation of Integrin activation orga-
nizes a stereotypic pattern of ECM necessary for
vertebrate body elongation and segmentation.
INTRODUCTION
The extracellular matrix (ECM) is continually synthesized and
remodeled throughout embryonic development, adult tissue
homeostasis, and wound healing (Hynes, 2002). Inappropriate
ECM assembly leads to fibrosis, and solid tumors remodel the
ECMduring tumor progression andmetastasis. Conversely, syn-
thetically regulated ECM assembly has the potential to be har-
nessed for tissue engineering (Lu et al., 2011). In order to better
understand how ECM and tissue topology are governed in vivo,
we performed an integrated molecular-, cellular-, and tissue-
level examination of patterned Fibronectin matrix assembly dur-
ing early vertebrate development.
Fibronectin (FN) is secreted as a soluble dimer and subse-
quently converted into insoluble, interlinked fibers by its Integrinreceptors. Integrins are heterodimeric transmembrane proteins
composed of an a and a b subunit that link the actin cytoskeleton
to the ECM. Integrin a5 (Itga5) and Integrin aV are the a subunits
most responsible for FN matrix assembly. Integrins signal bidi-
rectionally across the plasma membrane and play roles in cell
migration, adhesion, and cell signaling. Signals transduced
from the extracellular space to the cytoplasm, called ‘‘outside-
in signaling’’, rearrange the cytoskeleton and modulate gene
expression. Cytoplasmic signals initiate ‘‘inside-out’’ signaling
by separating the cytoplasmic tails of the a and b subunits,
thereby inducing an allosteric change to the extended, high-af-
finity ligand-binding conformation (Hynes, 2002). Matrix assem-
bly proceeds via Integrin binding to FN and crosslinking of FN.
The crosslinking depends upon the application of tension from
the actin cytoskeleton through the Integrin, which alters the
conformation of FN dimers and exposes additional self-associa-
tion domains (Schwarzbauer and DeSimone, 2011).
Within the trunk and tail of the zebrafish embryo, FN matrix is
most prominent on the surface of the paraxial mesoderm and
somite boundaries (Crawford et al., 2003). Somites are verte-
brate mesodermal segments that give rise to the vertebrae,
skeletal muscle, and dermis. Somites form in bilateral pairs
and in an anterior to posterior sequence concomitant with
elongation of the vertebrate embryo. Paraxial mesoderm and
somite morphogenesis are dependent upon itga5, itgaV, and
fibronectin (fn) in mouse, zebrafish, Xenopus, and chick (Dray
et al., 2013; George et al., 1993; Georges-Labouesse et al.,
1996; Ju¨lich et al., 2005, 2009; Koshida et al., 2005; Kragtorp
and Miller, 2007; Latimer and Jessen, 2010; Rifes et al.,
2007; Takahashi et al., 2007; Yang et al., 1999). In zebrafish,
cell-FN interactions propel trunk elongation through paraxial
mesoderm tissue mechanics and not via cell migration. In addi-
tion, the FN matrix, not cell-cell adhesion, mechanically cou-
ples the paraxial mesoderm to the adjacent tissues (Dray
et al., 2013). Indeed, the formation of this cortex of FN matrix
may be an intrinsic property of the paraxial mesoderm (Ju¨lich
et al., 2009).
itga5 and fn are broadly expressed in the paraxial mesoderm,
but FN matrix assembly is restricted to this tissue’s surface and
somite borders. The two zebrafish fn genes, fn1 and fn1b, are
both maternally deposited, and fn1 is zygotically expressed in
the mesoderm during gastrulation and the posterior tail bud
during body elongation (Ju¨lich et al., 2005; Koshida et al.,
2005; Latimer and Jessen, 2010; Trinh and Stainier, 2004).Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc. 33
Figure 1. Regulation of FN Matrix Fibrillo-
genesis within the Paraxial Mesoderm
(A) A schematic showing the somites (green)
and mesenchymal PSM (blue). The yellow box
indicates the regions shown in (B)–(E). (A) A
dorsal view of the tissue with anterior at the
top. The positions of the sections of the mature
(C) and nascent (D) borders and PSM (E) are
indicated. The asterisk in (C) indicates the so-
mite border matrix contiguous with the dorsal
surface of the tissue. The arrowhead in (D) in-
dicates de novo matrix assembly within the
nascent boundary. For the FN IHC analysis,
z-stacks were acquired and analyzed for 13
embryos from three independent stainings. In
(C)–(E), the dorsal is up.
(B–E) A 3D reconstruction of the FN matrix in the
paraxial mesoderm (see Movie S1).
(F) A schematic of cell transplantation from a
labeled donor blastula into host blastula. The
tbx6/ background is used since they make no
somite boundaries. The embryos develop until the 8–16 somite stage and clones are examined for FN matrix.
(G) Isolated paraxial mesoderm clones lacking itga5, due to itga5 morpholino injection, are coated with FN by Itga5 expressed on adjacent host paraxial
mesoderm cells. The scale bars represent 40 mm.fn1b is transcribed throughout the paraxial mesoderm during
body elongation (Ju¨lich et al., 2005). itga5 mRNA is maternally
deposited, ubiquitously expressed during gastrulation, and tran-
scribed in the posterior tail bud and adaxial cells during body
elongation (Crump et al., 2004; Ju¨lich et al., 2005; Koshida
et al., 2005). The maternally deposited itga5 activity partially res-
cues the somite defect in homozygous itga5 mutant embryos
(Ju¨lich et al., 2009).
Somite morphogenesis commences with a mesenchymal to
epithelial transition as border cells polarize and assemble a FN
matrix along their basal surface. In zebrafish, the receptor tyro-
sine kinase ephA4 is segmentally expressed along the posterior
of the nascent somite border, while its membrane bound ligands
ephrinB2a and ephrinA1 are transcribed along the anterior of the
border (Barrios et al., 2003; Durbin et al., 1998). This juxtaposed
expression of the receptor and ligand concentrates activated,
phosphorylated EphA4 along nascent somite borders (Ju¨lich
et al., 2009). In turn, Eph/Ephrin signaling can induce the mesen-
chymal to epithelial transition, inside-out Itga5 activation, and FN
matrix assembly (Barrios et al., 2003; Durbin et al., 1998, 2000;
Ju¨lich et al., 2009; Watanabe et al., 2009). The small GTPase
rap1b, which regulates epithelial morphology and activates In-
tegrins in other contexts, also functions with itga5 to promote
FN assembly at the somite border (Lackner et al., 2013).
N-Cadherin, now named cadherin 2 (cdh2), is a classical
Cadherin and component of adherens junctions that mediate
cell-cell adhesion. Adherens junctions are present throughout
the paraxial mesoderm (Crawford et al., 2003). cdh2 is neces-
sary both for normal body elongation and coordinated cell
motion in the zebrafish tail bud and for normal somite morpho-
genesis in mouse embryos (Harrington et al., 2007; Horikawa
et al., 1999; Lawton et al., 2013; Lele et al., 2002; Warga and
Kane, 2007).
Here, we delineate a comprehensive in vivo multi-scale mech-
anism that establishes the topology of adherent cells and ECM
during tissue morphogenesis. We define this mechanism across
molecular, cellular, and tissue scales using in vivo fluorescence34 Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc.cross-correlation spectroscopy, a conformation-specific Itga5
antibody, activated and ligand-binding deficient Itga5 variants,
and live imaging of a zebrafish FN-GFP transgenic. Itga5 sup-
presses matrix fibrillogenesis within the tissue mesenchyme,
and we find that Itga5 expressed on adjacent cell membranes
physically interact. This Integrin-Integrin association correlates
with conformationally inactive Itga5. Cdh2 stabilizes both the
physical interactions between Itga5 on adjacent cells and the
inactive Itga5 conformation. The Integrin repression is missing
on the tissue surface due to the lack of an interface with adherent
Itga5 expressing cells. Thus, in this self-organizing mechanism,
Itga5 on the paraxial mesoderm surface coats the tissue in FN
matrix. Segmental activation of Itga5 within the tissue overrides
the repression and leads to both de novo FN fibrillogenesis and
FNmatrix remodeling to create a contiguous FNmatrix along the
somite boundaries and tissue surface. This stereotypical tissue
and ECM topology is essential for vertebrate body elongation
and segmentation.
RESULTS
Reciprocal Intercellular Repression of Itga5 by Itga5
Both the surface of the paraxial mesoderm and the somite
boundaries are coated in FN matrix (Figures 1A–1E and Movie
S1). We probed the regulation leading to this cell-ECM topology
using genetic mosaics created by blastoderm stage cell trans-
plantation (Figure 1F). In host embryos lacking segmental pattern
within the somitic mesoderm, juxtaposition of cells lacking Itga5
next to cells expressing Itga5 causes activation of the Integrins
and FNmatrix fibrillogenesis along clone boundaries (Figure 1G).
These experiments suggest that inactive Itga5 expressed on
adjacent cells reciprocally maintain Integrin repression to bias
FN fibrillogenesis to cell surfaces free of this repression, i.e.,
the tissue surfaces or boundary of a clone. However, this repres-
sion does not require a 1:1 stoichiometry since mosaic 3X over-
expression of Itga5 does not lead to ECM assembly (Ju¨lich et al.,
2009). In normal embryos, segmental patterning overcomes the
Figure 2. Quantification of Itga5 Dynamics
in the Presomitic Mesoderm
(A) A schematic of FCS data collection for fluo-
rescently tagged proteins in the PSM. For FCS, the
confocal volume (drawn approximately to scale in
blue in A and B) was statically positioned in a cell
membraneorientedorthogonally to the optical axis.
(B) Confocal image of a zebrafish embryo ex-
pressing membrane RFP (mem-RFP). The scale
bar represents 10 mm.
(C) Autocorrelation curve of cytosolic GFP
(cyt-GFP), fit to 3D diffusion (Equation 1 in the
Supplemental Information). The inset shows a
histogram of the measured number of Itga5-GFP
molecules.
(D) Representative set of ten autocorrelation
curves (gray) of Itga5-GFP with the averaged
curve used in fitting (green). The inset shows the
intensity fluctuations and binned intensities from
this measurement.
(E) Autocorrelation measurements of mem-RFP,
Itga5-RFP, and Cdh2-RFP. The fits to 2D diffusion
and fluorophore fluctuation (solid line, Equation 3
in the Supplemental Information) and to 2D diffu-
sion only (dotted line, Equation 2 in the Supple-
mental Information). To facilitate the comparison,
the diffusion components are normalized to one.
(F) Autocorrelation curves of mem-GFP-RFP
illustrating the fast decay component is fluo-
rophore specific, but the slow decay, i.e., diffu-
sion, is identical in both autocorrelation curves, as
well as the cross-correlation curve.
(G) Table of measured diffusion times and calcu-
lated diffusion coefficients ± SD.repression to activate Itga5 along somite boundaries. There are
two hypotheses stemming from this model. First, Itga5 on adja-
cent cells physically associate to maintain Itga5 repression, and,
second, Itga5 is predominantly in the bent inactive conformation
within the mesenchyme of the paraxial mesoderm.
Intercellular Association of Itga5 Is Independent of
Direct FN Binding
To test for physical intercellular association of Itga5, we employed
fluorescence correlation spectroscopy (FCS) and fluorescence
cross-correlation spectroscopy (FCCS). FCS is a highly sensitive
quantitative microscopy technique that can be used to calculate
diffusion coefficients of proteins in complex in vivo contexts by
measuring fluctuations in fluorescence intensity within a defined
focal volume. In FCCS, the cross-correlation in fluctuations of
two different fluorophores in the focal volume can be used to
detect physical association (Ries et al., 2009). In other words, if
an Itga5-GFPwere to physically interact with an Itga5-red fluores-
cent protein (RFP), the fluctuations in GFP and RFP fluorescence
will show a cross-correlation in FCCS experiments.
We performed FCS and FCCS on Cdh2 to provide a positive
control for intercellular homotypic interaction in the presomitic
mesoderm. A systems level analysis of tail bud cell movement
in the cdh2 mutant indicated that it is required for ordered cell
motion within the presomitic mesoderm (Lawton et al., 2013).
The affinity of Cadherin homotypic binding has been measured
in vitro using the E-Cadherin ectodomain (Ha¨ussinger et al.,
2004; Koch et al., 1997). However, our Cdh2 experiments pro-vide the first in vivo measurement of intercellular homotypic
adhesion between full-length, membrane anchored Cadherin.
We developed an FCS protocol to measure the diffusion of
Itga5-GFP, Itga5-RFP, Cdh2-GFP, and Cdh2-RFP within the
cell cortex of mesenchymal cells of the presomitic mesoderm
(PSM) (Figures 2A and 2B). We used maternal zygotic itga5
mutant embryos (MZ itga5/) (Ju¨lich et al., 2009) to remove all
endogenous non-GFP-tagged Itga5, thereby eliminating inter-
ference with the Itga5 FCCS measurements. To remove endog-
enous Cdh2, we used a cdh2 morpholino shown to recapitulate
the null mutant phenotype (Lele et al., 2002; Warga and Kane,
2007). The concentration of fluorescent proteins must be rela-
tively low in order to attain accurate FCS measurements. Thus,
we expressed sub-physiological levels of Itga5-GFP in MZ
itga5/ embryos via mRNA injection at the one-cell stage and
performed FCS in PSM cells of live 8–10 somite stage embryos
to quantify the movement of Itga5-GFP (Figure 2C, inset). Con-
trol measurements of the diffusion coefficients of cytosolic
GFP (Figures 2C and 2G) and intracellular mem-GFP (Figures
2E and 2G) were consistent with published FCS measurements
(Schaaf et al., 2009; Shi et al., 2009).
Itga5-GFP exhibited a diffusion coefficient of 0.56 ± 0.09 mm2/s
in the membranes of live mesenchymal PSM cells (Figures 2D,
2E, and 2G). This value contrasts with a diffusion coefficient of
0.02 to 0.04 mm2/s for the FN receptor in cultured chick somite
cells measured by fluorescence recovery after photobleaching
(FRAP) (Duband et al., 1988). Cdh2-GFP exhibited a comparable
diffusion coefficient of 0.55 ± 0.12 mm2/s (Figures 2E and 2G). OurDevelopmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc. 35
Figure 3. Quantification of Protein Association in the Presomitic Mesoderm
(A) A schematic of cell transplantation and FCCS data collection. For FCCS, the confocal volume (drawn approximately to scale in blue in A and B) was positioned
at a membrane interface between RFP and GFP expressing cells.
(B) Confocal image of a mosaic embryo comprised of cells expressing mem-RFP and mem-GFP. The scale bar represents 10 mm.
(C) Autocorrelation and cross-correlation measurements of Itga5-RFP and Itga5-GFP in a mosaic interface show low cross-correlation.
(D) Plots of cross-correlation from individual measurements and mean values.
(E) Table of cross-correlation (Fcross) magnitude ± SD. The significance was examined using both t test (two tailed, unequal variance) and Mann-Whitney U.
There were no statistically significant differences in mem-GFP/mem-RFP compared to Itga5-GFP/mem-RFP and Itga5-GFP/Itga5-RFP compared to Itga5-GFP/
Itga5FYLDD-RFP. Notably, either mem-GFP/mem-RFP or Itga5-GFP/mem-RFP compared to either Itga5-GFP/Itga5-RFP or Itga5-GFP/Itga5FYLDD-RFP differed
(p < 0.002). The Itga5-RFP/Cdh2-GFP trans Fcross differs from the negative control (p < 0.05), but not from the Itga5-RFP/Cdh2-GFP cis Fcross. The Itga5-GFP/
Itga5-RFP Fcross in the absence of Cdh2 is significantly lower (p < 0.05) than the Itga5-GFP/Itga5-RFP Fcross in the presence of Cdh2. See Figure S1 for apparent
KD calculations.Itga5-GFP and Cdh2-GFP measurements are similar to recent
FCS quantifications of diffusion of other transmembrane proteins
in live zebrafish embryos (Ries et al., 2009; Shi et al., 2009; Yu
et al., 2009).
To specifically measure intercellular interactions between
proteins expressed on opposing cell membranes, we created
mosaic embryos via cell transplantation (Figure 3A). We per-
formed FCCS on juxtaposed cell membranes of GFP and RFP
expressing cells in the PSM of live embryos to measure the
cross-correlation (Figures 3A and 3B). We report normalized
cross-correlation values as Fcross, the fraction of molecules
cross-correlating. A negative control was provided by ge-
netic mosaics in which cells expressing intracellular myristoy-
lated membrane-anchored RFP (mem-RFP) were transplanted
into host embryos expressing intracellular myristoylated mem-
brane-anchored GFP (mem-GFP) and exhibited an Fcross of
0.07 ± 0.04 (Figures 3B, 3D, and 3E). A positive control for
cross-correlation was a membrane bound GFP-RFP fusion pro-
tein (mem-GFP-RFP), which exhibited an Fcross of 0.47 ± 0.11
(Figures 2F, 3D, and 3E). These Fcross values correspond to
the minimum and maximum possible values observed in the
absence of cross-correlation and in the presence of 100%
cross-correlation, respectively. For the Cdh2 analysis, we trans-
planted cells from embryos coinjected with the cdh2morpholino
and cdh2-GFP mRNA into cdh2 morpholino injected embryos
expressing cdh2-RFP. Cdh2 exhibits a significant cross-correla-
tion with an Fcross of 0.21 ± 0.07 (Figures 3D and 3E). The
apparent KD for the Cdh2 interaction, extrapolated from the
cross-correlation measurements, is 200 ± 100 nM (Figure S1).36 Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc.For the Itga5 analysis, we transplanted cells fromMZ itga5/
embryos expressing Itga5-GFP into MZ itga5/ embryos ex-
pressing Itga5-RFP. The Itga5 experiments revealed a signifi-
cant cross-correlation with an Fcross of 0.15 ± 0.08 (Figures
3C–3E). This Fcross was significantly larger than both the negative
control Fcross between mem-GFP and mem-RFP and an addi-
tional negative control Fcross between Itga5-GFP and mem-
RFP (p < 0.002) (Figures 3D and 3E). These data do not indicate
whether the physical association is direct or if the Integrins are
part of a larger protein complex. To test whether the cross-cor-
relation between Integrins was mediated by direct FN binding,
we measured the Fcross between Itga5-GFP and ligand-binding
deficient Itga5FYLDD-RFP (Ju¨lich et al., 2009). This Fcross was
indistinguishable from that between wild-type Integrins indi-
cating that the interaction is not mediated by direct coupling to
FN (Figures 3D and 3E). This association also parallels the inhib-
itory function as Itga5FYLDD can repress FN fibrillogenesis by
Itga5 expressed on adjacent cells (Ju¨lich et al., 2009). In total,
these data suggest that Integrin a5b1 expressed on adjacent
cells have intercellular physical association, independent of
direct FN binding, with an apparent KD of 750 ± 100 nM
(Figure S1).
Cdh2 Stabilizes Physical Association of Itga5
Cdh2 and Itga5 have been shown to colocalize within the same
cell membrane (Canonici et al., 2008; Chattopadhyay et al.,
2003; Lefort et al., 2011). We thus examined whether Itga5 and
Cdh2 on adjacent cells interact and whether the interaction be-
tween Itga5 on adjacent cells requires cdh2.
We first examined whether any cross-correlation could be de-
tected between Itga5-RFP and Cdh2-GFP by ubiquitous coex-
pression via mRNA injection. These experiments will detect
Itga5 and Cdh2 associations within the same cell membrane,
i.e., in ‘‘cis’’, as well as associations between Cdh2 expressed
on one cell membrane and Itga5 expressed on the adjacent
cell membrane, i.e., in ‘‘trans’’. The fraction of cross-correlating
molecules, Fcross, is 0.13 ± 0.06. We next sought to determine
whether this Itga5-Cdh2 association is in cis, in trans, or both.
To measure cis interactions within the same cell membrane,
we injected a single blastomere at the 32 cell stage with mRNAs
coding for Itga5-RFP and Cdh2-GFP. After these embryos
reached mid-somitogenesis, we performed FCCS on injected
cells within the PSM, which were surrounded by uninjected cells.
The cis Fcross is 0.11 ± 0.07 (Figures 3D and 3E). We examined
Itga5-Cdh2 association in trans by transplanting Cdh2-GFP ex-
pressing cells into Itga5-RFP expressing hosts. We performed
FCCS along the interface of juxtaposed Itga5-RFP and Cdh2-
GFP expressing cell membranes in the PSM (Figures 3D and
3E). The trans Fcross is 0.11 ± 0.08, which is significantly greater
than the negative control. There is no statistically significant dif-
ference between the cis and transFcross values, thus the trans as-
sociation is not the result of a much stronger cis association. The
Itga5-Cdh2 Fcross values are also not statistically different than
the Itga5-Itga5 Fcross, but are different than the Cdh2-Cdh2
Fcross. The apparent KDs of Itga5-Cdh2 interactions are between
400 and 650 nM (Figure S1).
We next asked whether the physical association of Itga5 ex-
pressed on adjacent cells requires cdh2 function. Genetic mo-
saics of hosts expressing Itga5-RFP and donors expressing
Itga5-GFP were created. Both donor and host embryos lacked
cdh2. The Fcross between the Itga5 was 0.11 ± 0.04, a significant
reduction relative to the Fcross between Itga5 in the presence
of Cdh2 (p < 0.05) (Figures 3D and 3E). Thus, Cdh2 stabilizes
the physical association of Itga5 expressed on adjacent cell
membranes.
Itga5 within the PSM Is Primarily in the Inactive
Conformation
The second hypothesis stemming from our model is that
Itga5 primarily exists in the inactive conformation within the
mesenchyme of the PSM. We experimentally examined Itga5
conformation via immunohistochemistry (IHC) using a mono-
clonal antibody (SNAKA51) that recognizes an epitope in
the calf-1/calf-2 domain of human Itga5. This epitope is
exposed in the fully extended and ligand bound Itga5b1 heter-
odimer (Figure 4A) (Askari et al., 2010; Clark et al., 2005).
SNAKA51 does not recognize zebrafish Itga5. However, using
Venus YFP bimolecular fluorescence complementation (BiFC),
we found that human Itga5 (Hs Itga5) heterodimerizes with ze-
brafish Itgb1 (Figure 4B) and rescues somite boundary morpho-
genesis in zebrafish MZ itga5/ embryos (Ju¨lich et al., 2009).
To validate the specificity of SNAKA51 for the activated Itga5
conformation within the zebrafish PSM, we confirmed that
increasing actomyosin contractility elevated SNAKA51 binding
(Figure S2).
We next examined Itga5 conformation before and after initi-
ation of somite border morphogenesis. We fixed MZ itga5/
embryos expressing Hs Itga5b1-YFP and performed IHC usingSNAKA51. The IHC revealed high levels of conformationally
extended Itga5 on the surface of the tissue and along somite
boundaries (Figures 4B and 4C). These sites colocalize with
deposits of FN matrix (Figure 4D). Only low levels of extended
Itga5 are observed within the mesenchymal PSM. We nor-
malized the SNAKA51 signal to levels of Hs Itga5b1-YFP to
identify locations where the proportion of activated Itga5
is high (Figure 4E). The ratiometric heat maps reveal that
even after normalizing for Integrin clustering, the sites of FN
matrix assembly exhibit higher ratios of extended Itga5. By
contrast, most Itga5 internally within the PSM is in the inactive
conformation.
Itga5 Clusters and Adopts the Extended Conformation
prior to FN Binding
The data suggest that within the mesenchymal PSM, Itga5 in
the inactive conformation physically associate to repress FN
fibrillogenesis within the tissue. We next examined the transi-
tion from the inactive to the active conformation along nascent
somite boundaries. To determine whether ligand binding is
required for Itga5 to adopt the extended conformation, we
created a mutant Integrin, Hs Itga5FYIDDb1-YFP that is unable
to bind either the RGD or synergy site of FN (Figure 4A) (Irie
et al., 1995; Ju¨lich et al., 2009; Mould et al., 2003). Unlike
the wild-type Hs Itga5b1-YFP, Hs Itgb5FYIDDb1-YFP does not
rescue somite boundary formation in MZ itga5/ embryos
due to the inability to bind ligand. However, the mutant Integrin
adopts the extended conformation as detected by SNAKA51
and clusters to nascent boundaries lacking detectable FN ma-
trix (Figures 4F–4H). Since FN matrix is required for stabilization
of the morphological boundary, both these boundaries and
the Itga5FYIDDb1-YFP clustering are transient and disintegrate
over time (Ju¨lich et al., 2005, 2009; Koshida et al., 2005). The
ratiometric heat map shows that after normalizing for Integrin
clustering, there is more extended Hs Itga5FYIDDb1-YFP along
the tissue surface and transient segment boundary (Figure 4I).
Thus, inside-out signaling is sufficient to elevate levels of
extended Itga5b1 in the absence of FN binding. These obser-
vations suggest that inside-out regulation of both Itga5 confor-
mation and Itga5 clustering govern the pattern of FN fibrillogen-
esis along the nascent somite boundary.
The Bent Itga5 Conformation Suppresses FN Matrix
Assembly in the PSM
We next asked whether Itga5 conformation is regulated to
prevent ectopic FN fibrillogenesis in the PSM by using an acti-
vated Itga5 (Hs Itga5GAAKR). This Integrin harbors two amino
acid substitutions at residues 984 and 985 (GFFKR > GAAKR)
in the cytoplasmic juxtamembrane domain that destabilizes the
bent, inactive conformation (Figure 4A) (O’Toole et al., 1994;
Zhu et al., 2009). Expression of Hs Itga5GAAKRb1-YFP in MZ
itga5/ embryos results in inappropriate clustering in the PSM
(Figure 5A) and elevated SNAKA51 signal compared to Hs
Itga5b1-YFP and Hs Itga5FYIDDb1-YFP (Figures 5B and 5D).
Moreover, Hs Itga5GAAKRb1-YFP leads to ectopic FN aggrega-
tion in the PSM (Figure 5C) and along clone boundaries in genetic
mosaics (Figure S3). The activated Integrins colocalize with
thickening of the actin cortex, but do not appear to alter adhe-
rens junctions (Figure S3). Together, these data indicate thatDevelopmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc. 37
Figure 4. Itga5 Adopts the Active, Extended
Conformation Independently of Ligand
Binding
(A) A schematic of the bent and extended Itga5b1.
The SNAKA51 antibody recognizes an epitope on
the extracellular domain of Itga5 that is exposed
when the Itga5b1 adopts the extended, active
conformation (see also Figure S2). The blue star
represents the five amino acid substitutions in
Itga5FYIDD that eliminate ligand binding. The
magenta star represents the two amino acid sub-
stitutions in Itga5GAAKR that promote adoption of
the extending active conformation.
(B–E) Confocal images of MZ itga5/ mutant
embryos expressing Hs Itga5b1-YFP (B) immu-
nostained with the conformation-specific anti-Hs
Itga5 antibody SNAKA51 (C) and anti-FN antisera
(D). The arrows in (B) indicate somite borders and
the asterisks denote the lateral surface of the tis-
sue. There were six experiments that were per-
formed with n = 55 embryos analyzed. (E) To
normalize the SNAKA51 signal to the level of YFP,
a ratiometric topological heat map was generated.
The warmer colors indicate higher relative levels of
extended, active Itga5b1. The same pattern of
Itga5 activation is observed in the absence of BiFC
when using Hs Itga5-GFP for ratio imaging (data
not shown).
(F–I) Shows confocal images of a parallel analysis
of MZ itga5/ mutant embryos expressing Hs
Itga5FYIDD ligand binding deficient Integrin. The
arrowheads in (F) indicate ephemeral Itga5FYIDDb1
clustering. There were six experiments that were
performed with n = 52 embryos analyzed.
In (B)–(I), anterior is up and lateral is right. The
scale bars represent 20 mm.regulation of Itga5 conformation suppresses FN fibrillogenesis in
the mesenchyme of the PSM and promotes matrix assembly
along nascent somite boundaries. On the other hand, FN fibrillo-
genesis is still most prominent along the somite boundaries in
embryos expressing Hs Itga5GAAKRb1-YFP. Thus, even the acti-
vated Hs Itga5GAAKRb1-YFP responds to segmental signals to
cluster along nascent segment boundaries and thereby bias
FN fibrillogenesis to the boundary.
We sought to determine how the unpatterned FN matrix
induced by Hs Itga5GAAKRb1-YFP in the PSM resolves into a
relatively normal segmental FN matrix (Figure 5C). For this
experiment, we needed to more clearly define the temporal dy-
namics of FN matrix in live embryos. Therefore, we generated
FN-GFP transgenic zebrafish to image matrix assembly and re-
modeling. A number of approaches have been used to visualize
FN matrix dynamics in real time (Be´naze´raf et al., 2010; David-
son et al., 2004; Ohashi et al., 2002; Zamir et al., 2006, 2008).
We adapted a previous strategy to fuse emerald GFP in frame
within the coding sequence of zebrafish FN1a (Ohashi et al.,
2002) and created a stable transgenic line Tg(tbx6l:fn1a-GFP).
The tbx6l enhancer drives transgene expression in the paraxial
mesoderm progenitors in the posterior tail bud (Dray et al.,
2013; Szeto and Kimelman, 2004). While only cells in the poste-38 Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc.rior tail bud actively secrete the FN-GFP, we observe the solu-
ble FN-GFP being incorporated into the FN matrix throughout
the trunk and tail.
We coinjected the itga5 morpholino with itga5GAAKR-RFP
mRNA into Tg(tbx6l:fn1a-GFP) embryos and performed 3D
time-lapse imaging (Figures 5E–5J and Movie S2). These
experiments revealed the flux of this unpatterned FN matrix
in the anterior PSM, in contrast to the relatively stable
matrix along the somite border. Examination of the onset of
outside-in signaling indicates that this transient matrix corre-
lates with a failure to activate focal adhesion kinase (FAK)
(Figure S3). Therefore, while adoption of the active Itga5
conformation causes premature aggregation of Itga5 and FN
matrix, stable FN matrix fibrillogenesis and Integrin signaling
are primarily confined to the somite boundaries and tissue
surface.
Cdh2 Is Necessary for Repression of Itga5 within the
PSM Mesenchyme
Given the association between Itga5 and Cdh2, as well as a
requirement for Cdh2 for the association of Itga5 expressed on
adjacent cells, we asked whether Cdh2 suppresses Itga5 activa-
tion and FNmatrix assembly. Indeed, cdh2/ embryos produce
Figure 5. Itga5 Conformation Regulates
Itga5 Clustering and FN Matrix Assembly
in the Presomitic Mesoderm
Itga5GAAKR contains two amino acid substitutions
that bias toward the extended, active conforma-
tion.
(A–D) Hs Itga5GAAKRb1-YFP (A) clusters along
somite boundaries (arrows) in MZ itga5/ em-
bryos, but also inappropriately clusters in the PSM
(asterisks). This inappropriate clustering coloc-
alizes with Hs Itga5GAAKRb1-YFP adoption of the
active conformation (B and D) and FN aggregation
(C). SNAKA51 and FN IHCwere examined in 51Hs
Itga5GAAKRb1-YFP expressing MZ itga5/ em-
bryos (five experiments).
(E–J) Hs Itga5GAAKRb1-RFP clustering and FN-
GFP aggregation in the PSM is unstable. The
time-lapses of three Tg(tbx6l:fn1a-GFP) em-
bryos coinjected with the itga5 morpholino and
itga5GAAKR-RFP mRNA were acquired and
analyzed. The three time points t = 1 (E and F),
t = 15 (G and H), and t = 30 (I and J) show the
correlated changes in Itga5GAAKR-RFP clustering
and FN-GFP aggregation in the anterior PSM. The
scale bars represent 20 mm. The images are from a
94 min time-lapse, with a z stack spanning 14 mm
acquired every 4 min (see Movie S2).small aggregates of FN in themesenchyme of the paraxial meso-
derm. We quantified FN in both cdh2/ embryos and wild-type
siblings.We divided FNmatrix into two categories based on their
size: large FN fibrils, similar to that found at somite boundaries
and small aggregates of FN. We found a 3.7-fold increase of
small aggregates of FN within the core of formed somites in
cdh2/ embryos (Figure 6A). We further found a 10.2-fold in-
crease in small aggregates of FN within the interior mesenchyme
of the PSM in cdh2/ embryos (Figure 6B). These data indicate
that Cdh2 inhibits ECM formation within the mesenchyme of the
paraxial mesoderm.
In order to decouple ECM assembly from segmentation, we
investigated the role of Cdh2 in regulating ECM formation using
tbx6mutants, which do not form somites (van Eeden et al., 1996).
Compared to tbx6/ embryos, tbx6/;cdh2/ double mu-
tants exhibit a 2.7-fold increase in large FN fibrils in the anterior
paraxial mesoderm accompanied by formation of multiple irreg-
ular morphological boundaries (Figures 6C and S4). These data
indicate that Cdh2 suppresses ECM synthesis within the mesen-
chyme of the paraxial mesoderm.
We directly examined Itga5 activation in the PSM of cdh2mu-
tants. Indeed, we observed irregular clusters of Itga5-GFP that
colocalize with the active conformation and FN matrix assembly
(Figure 6D). Lastly, we examined localization of Cdh2 using a
transgene driving fluorescently tagged Cdh2 under the control
of its endogenous promoter (Revenu et al., 2014). Cdh2-GFP
localization is anti-correlated with Itga5 clustering and FN
assembly along somite boundaries and the surface of the para-
xial mesoderm (Figures 6E and 6F and Movie S3). Cumulatively,Developmental Cell 34,the data indicate that cdh2 stabilizes
the physical association of Itga5 ex-
pressed on adjacent cells, biases Itga5
to the inactive conformation, and pre-vents ectopic Itga5 clustering and FN matrix assembly within
the mesenchyme of the paraxial mesoderm.
FN Matrix Fibrillogenesis and Remodeling along the
Somite Boundary
In the chick embryo, IHC studies suggest that the FN matrix
along the surface of the PSM translocates to the forming somite
border in a manner similar to that reported for salivary gland
morphogenesis (Larsen et al., 2006; Martins et al., 2009; Rifes
and Thorsteinsdo´ttir, 2012). Our IHC studies suggested that FN
matrix is assembled de novo subsequent to Itga5 clustering dur-
ing zebrafish somite morphogenesis (Figure 1D) (Ju¨lich et al.,
2009). To examine the relationship between Itga5 clustering
and FN matrix fibrillogenesis in live embryos, we expressed
Itga5-RFP in the Tg(tbx6l:fn1a-GFP) transgenic line and per-
formed four dimensional time-lapse confocal imaging of border
formation (Figures 7A–7G and Movie S4). The time-lapses
consistently show Itga5-RFP clustering prior to the appearance
of FN-GFP matrix. These PSM cells are no longer actively pro-
ducing FN-GFP. Thus, this FN matrix assembly involves soluble
dimers secreted by the posterior tail bud. Altogether, both FN
immunolocalization and live imaging of the FN-GFP transgenic
line support the model that FN matrix is assembled de novo
within the nascent somite boundary following Integrin clus-
tering. We performed a second series of 3D time-lapses of the
Tg(tbx6l:fn1a-GFP) transgenic line to examine FN matrix dy-
namics on the surface of the tissue during border morphogen-
esis (Figures 7A and 7H–7K and Movie S5). Here, it appears
that some of the FN-GFP from the dorsal surface involutes into33–44, July 6, 2015 ª2015 Elsevier Inc. 39
Figure 6. Cdh2 Represses Itga5 Activation
(A and B) cdh2/ embryos produce significantly more ectopic small aggregates of FNmatrix (red) in themesenchyme of both (A) the anterior (p < 0.005 and t test)
and (B) the posterior paraxial mesoderm (p < 0.02 and t test).
(C) tbx6/;cdh2/ embryos produce significantly more FN fibrils (green) in the anterior paraxial mesoderm mesenchyme than tbx6/ controls (p < 0.01 and
t test). The mean values ± SEM are shown.
(D) Ectopic FN assembly, Itga5 clustering, and adoption of the active Itga5 conformation are observed in the PSM mesenchyme of cdh2 mutants (n = 38
embryos).
(E) The first and last time points of a 90 min time-lapse (one frame every 3 min) of Cdh2-GFP and Itga5-CFP localization during somite morphogenesis (see also
Movie S3). The Cdh2-GFP levels decrease at somite boundaries (asterisks), while Itga5-CFP levels increase (arrows) due to clustering. The Cdh2-GFP is also
diminished along the surface of the paraxial mesoderm (arrowheads) (n = 4 time-lapses).
(F) Cdh2-GFP levels anti-correlate with site of FN assembly along somite boundaries and the tissue surface (n = 8 embryos). The scale bars represent 40 mm.the nascent somite boundary. To quantify FN motion, we per-
formed particle tracking on the matrix fibrils. When the tracking
data are color coded to reveal the direction of FN movement,
ventral translocation of the dorsal tissue surface FN into the
forming somitic cleft is evident (Figure 7L). We did not consis-
tently observe FN flowing into the somite boundary from the
medial or lateral boundary (Figure 7M). We also did not observe
a regular segmental pattern of FN-GFP movement along the
anterior posterior axis (Figure 7N).
DISCUSSION
This study delineates a cross-scalemechanism linkingmolecular
and cellular level regulation to self-organizing tissue level topol-
ogy of cells and ECM. We found evidence of the physical asso-
ciation of Itga5 on adjacent cells 3–4-fold weaker than the asso-
ciation between Cdh2 molecules. Using a conformation specific
antibody, we further found that most Itga5 within the tissue is in
the bent, inactive conformation. Cdh2 stabilizes the physical40 Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc.interaction between Itga5 expressed on adjacent cells and is
necessary to maintain repression of Itga5 within the paraxial
mesoderm mesenchyme. A series of assays using wild-type,
ligand binding deficient and activated Itga5 delineated the tran-
sition from inactive Itga5 to activation along the nascent somite
border. Upon activation, FN matrix assembled along the somite
boundary integrates with involuting FN from the tissue surface to
form a contiguous ECM throughout the tissue.
Integrin activation is perhaps best understood for the process
of platelet adhesion, which has been extensively studied in vitro
(Boettiger, 2012). The zebrafish embryo does not allow the same
resolution of an in vitro system. However, it provides an opportu-
nity to study Integrin regulation and ECM assembly in a natural
3D environment, which is important given the differences in
cellular mechanobiology and Integrin regulation in 3D versus
2D contexts (Baker and Chen, 2012). While there is no generally
accepted mechanism to explain Integrin clustering, the most
common hypothesis is that ligand binding precedes and is
required for clustering (Boettiger, 2012). As there is clear data
Figure 7. FN Matrix Fibrillogenesis and Re-
modeling at the Somite Boundary
(A) A schematic indicating the regions shown in
subsequent figure panels.
(B–G) Shows digital transverse sections of a
93min time-lapse of a nascent somite border in an
Itga5-RFP; Tg(tbx6l:fn1a-GFP) embryo with 11 mm
z stacks of 1 mm intervals acquired every 3 min.
Early: time-point five (12 min into the movie) and
late: time-point 31 (90 min into the movie). The
arrow in (B) indicates Itga5-RFP clustering prior to
the appearance of detectable levels of FN matrix.
See also Movie S4. There were 11 time-lapses of
itga5-RFP;Tg(tbx6l:fn1a-GFP) embryos that were
acquired and analyzed.
(H–N) We acquired seven time-lapses of
Tg(tbx6l:fn1a-GFP) embryos. Shown are the im-
ages from a 3D reconstruction of a 195 min time-
lapse with 40 mm z stacks taken every 6.5 min.
(H and J) Time point one is shown.
(I and K) Time point 16, 97 min into the movie. The
asterisks indicate the somite boundaries.
(J) and (K) Show parasagittal sections, while all
others (H–N) are dorsal views. The anterior is left in
(H)–(N). See also Movie S5.
(L–N) Motion of the FNmatrix was examined using
particle tracking. Individual tracks were color
coded to indicate whether they exhibited a net
displacement along the dorsal-ventral axis (L),
medial-lateral axis (M), or anterior-posterior axis
(N). The ventral motion displays a segmental
pattern corresponding to the somite boundaries
(asterisks). The scale bars represent 40 mm.for ligand-dependent clustering of ItgaVb3 (Cluzel et al., 2005),
our observations of ligand-independent clustering and confor-
mational activation of Itga5b1 suggest that the clustering mech-
anism may vary for different Integrin heterodimers or among
dissimilar cellular contexts, e.g., cells migrating over an ECM
versus de novo synthesis of an ECM.
We examined the dynamics of cell adhesion and cell-ECM
adhesion proteins in the mesenchymal cells of the zebrafish
PSM. Ordered cell motion in the PSM requires Cdh2 function,
but not Itga5 and ItgaV (Dray et al., 2013; Lawton et al.,
2013). We measured both the diffusion coefficients and intercel-
lular homotypic association for Cdh2 and Itga5 in the mesen-
chyme of the PSM. Using FCCS, we found that the KD of
intercellular homotypic binding of Cdh2 on adjacent cells was
200 ± 100 nM, which is tighter than the KDs of 80 ± 20 mM
and 720 mM deriving from in vitro measurements with soluble
E-Cadherin ectodomains (Ha¨ussinger et al., 2004; Koch et al.,
1997). The tighter in vivo KD likely stems from the constrained
anti-parallel arrangement of Cadherins in the membranes of
adjacent cells. We also observed a significant, though weaker,
cross-correlation between Integrin a5b1 heterodimers expre-
ssed on the surface of adjacent cells. From these data, we
calculated an apparent KD of 750 ± 100 nM. At present, we
do not know whether the Integrin heterodimers directly interact
or whether other proteins present in the Integrin a5b1 adhesion
complex mediate the physical association. However, prior data
suggest that the Integrin trans-inhibition does not require a 1:1
stoichiometry (Ju¨lich et al., 2009). We also find that Cdh2 is a
component of the cell surface complex that regulates ECM as-sembly in the paraxial mesoderm. Thus, the Integrin a5 trans-in-
hibition is mediated by a multi-protein adhesion complex and is
not simply the result of competitive Integrin-Integrin binding
versus Integrin-FN binding.
The SNAKA51 IHC data suggest that the majority of the
Integrin a5b1 heterodimers within the PSM are in the bent
conformation, and our FCCS experiments show that the physical
association is not due to direct coupling of the Integrins via FN
binding. Thus, the physical association may predominantly
involve inactive Itga5, though at present, our data do not rule
out the possibility of intercellular association of active Itga5.
However, the simplest explanation of the mechanism of trans-
inhibition is that Cdh2 promotes the physical association of
Itga5 on adjacent cells, which in turn stabilizes the inactive
conformation.
Is it possible for Integrins on adjacent cells to directly interact
if the cells are bound by adherens junctions? In vitro, Cadherins
link lipid spheres with a gap of 23 nm membrane to membrane
(Lambert et al., 2005). Structural analysis of ligand bound
EphA4 suggest that plasma membranes must be % 18 nm
apart for Eph/Ephrin signaling complexes to form (Xu et al.,
2013), and we know that Eph/Ephrin signaling takes place
along nascent somite boundaries. Indeed, an extracellular
gap of 18 nm could be narrow enough to allow direct physical
association of Integrins on adjacent cells. The bent Integrin
conformation is 10–13 nm high, while activated Integrins are
11 to 23 nm in height according to the experiments support-
ing the deadbolt and switchblade models, respectively (Eng
et al., 2011; Ye et al., 2008). These observations suggest thatDevelopmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc. 41
Figure 8. From Collective Integrin Repres-
sion to Integrin Activation and FN Matrix
Fibrillogenesis
(A–D) Represents successive time points during
somite border formation. The top images show
tissue level changes in FN matrix, while lower im-
ages show the underlying molecular processes at
the cell membrane.
(A) Within the unsegmented PSM, Integrin a5b1
is in the bent conformation and repression is
maintained by physical interaction between In-
tegrins on adjacent cells. Cdh2 promotes the as-
sociation of Itga5 on adjacent cell membranes and
stabilizes the inactive Itga5 conformation. The FN
dimers remain in soluble form in the extracellular
space. This collective repression prevents FN fi-
brillogenesis internally within the tissue, biasing
fibrillogenesis to the tissue surface where collec-
tive repression is absent.
(B) Cytoplasmic signals downstream of EphA4/
Ephrinb2a, (light blue arrows) activate the Integrin
heterodimer at the nascent somite border by
inducing the extended conformation as well as
Integrin clustering. The Cdh2 levels diminish at the
nascent boundary.
(C) Activated Integrins bind soluble FN and assemble the dimers into an insolublematrix. The FNmatrix stabilizes Integrin clustering and induces Integrin signaling
via FAK (red).
(D) FNmatrix from the dorsal surface of the paraxial mesoderm involutes (yellow arrow) along the nascent border where it is integrated with the newly synthesized
matrix to form a contiguous ECM between the tissue surface and the somite border.the extracellular space should be narrow enough in adherent
paraxial mesoderm cells to allow direct interaction of Integrins
on opposing membranes.
Our data suggest a model in which the collective intercellular
association of Cdh2 and Itga5 in the mesenchymal cells of the
PSM help maintain the bent, inactive conformation, thereby
biasing FN matrix assembly to the tissue surface (Figure 8A).
There is a low level of sporadic activated Itga5 within the mesen-
chyme. Along the tissue surface there is little Cdh2. Thus,
activated Itga5 in the PSM is predominantly found on the tissue
surface and colocalizes with the FN matrix that coats the tissue.
This FN matrix pattern gives rise to the tissue mechanics of the
paraxial mesoderm required for body elongation (Dray et al.,
2013). Inside-out signaling at the nascent somite boundary
induces Itga5 to adopt the extended, active conformation and
to cluster along the future boundary (Figure 8B). At the same
time, Cdh2 levels decrease along the nascent boundary.
Following clustering, we observe accumulation of both FN and
phosphorylated FAK (Y397), the latter indicating the onset of
outside-in Integrin signaling (Figure 8C). Using both IHC and
FN-GFP transgenic zebrafish, we find that de novo assembly
of FN matrix occurs within the somite boundary. These events
initiate a positive feedback loop that stabilizes the FN matrix
and the segment boundary. The newly synthesized matrix along
the nascent boundary fuses with FN matrix that involutes from
the dorsal tissue surface during somite epithelialization to form
a contiguous matrix between the somite boundary and tissue
cortex (Figure 8D). This bimodal mechanism of ECM remodeling
may function in other contexts where a patchy or damaged ma-
trix gives rise to a dense contiguous ECM. Altogether, these data
delineate a cross-scale mechanism of Integrin activation and
ECM fibrillogenesis during in vivo tissue morphogenesis.42 Developmental Cell 34, 33–44, July 6, 2015 ª2015 Elsevier Inc.EXPERIMENTAL PROCEDURES
Zebrafish Care and Strains
Zebrafish were maintained in accordance with standard protocols approved
by the Institutional Animal Care and Use Committee at Yale University
(IACUC). Wild-type strains used are Tu¨bingen and AB. The Itga5 mutant
allele used is bfethl30 (Ju¨lich et al., 2005). The Tg(tbx6l:fn1a-emeraldGFP)
strain was generated using a modified published strategy for GFP-tagging
FN (Ohashi et al., 2002). The Cdh2 transgenic was kindly provided by Darren
Gilmour (Revenu et al., 2014). MZitga5/;cdh2mo embryos were created by
injecting 50 mM cdh2mo (Lele et al., 2002; Warga and Kane, 2007) into
MZitga5/embryos. cdh2/, tbx6/, tbx6/;cdh2/, and wild-type con-
trols were generated by incrossing tbx6+/;cdh2+/ parents and sorting prog-
eny by phenotype.
In Vitro mRNA Synthesis and Cell Transplantations
For mRNA synthesis, plasmids were linearized with NotI, the mRNA in vitro
transcribed with the Sp6 mMessage mMachine Kit (Ambion), and cleaned
with the RNaid Kit (MPbio). With the exception of caMRLC2, mRNA was in-
jected into one-cell stage embryos. caMRLC2 mRNA was injected into one
to two cells at the 16 to 32 cell stage to create mosaic expression. Mosaic em-
bryos were generated using standard methods.
Confocal Microscopy and IHC
Acquisition of time-lapses and images of immunohistochemically stained em-
bryos were performed on a Zeiss LSM510. The primary mouse monoclonal
antibody SNAKA51 (a gift from Martin Humphries) (Clark et al., 2005) was
diluted 1:50 and rabbit anti-FN (Sigma F3648) used at 1:100. The secondary
antibodies (Alexa fluor 555 donkey anti-rabbit IgG and Alexa Fluor 647 goat
anti-mouse IgG [Molecular Probes/Invitrogen]) were diluted 1:200. The primary
antibody (rabbit anti-FAK pY397 phosphospecific antibody [Invitrogen]) was
diluted 1:100.
For the SNAKA51/YFP ratiometric analysis, a MATLAB routine, written by
Oleksii Sliusarenko, was used to apply a Gaussian filter and then the SNAKA51
levels were divided by total YFP levels. A mask was used to exclude points
were YFP levels were 0 and the topological heat map was generated by
ImageJ.
FN immunolocalization was quantified using an ImageJ macro which
removed noise, converted the micrograph into a binary image, and divided
the signal into small FN aggregates (5–30 pixels) or FN fibrils (>31 pixels) ob-
jects. Data are presented as means ± SEM and analyzed via t test.
FN matrix tracking was performed using Imaris software (Bitplane). Briefly,
the points of interest with a radius of 1.5 mmwere tracked using the connected
components algorithm. Tracks with durations of at least 900 s were analyzed.
The tracks were segregated based on displacement in the x-, y-, and z-planes.
FCS and FCCS
All measurements were made on a custom-built instrument based on an
inverted Olympus IX-71 microscope, as described previously (LaRochelle
et al., 2015; Trexler and Rhoades, 2009). For FCS measurements, the signal
from the avalanche photodiode (APD) was hardware correlated (Flex03LQ-
12, http://www.correlator.com). Autocorrelation curves were fit to an equation
modeling both 2D diffusion and fluorophore blinking (Schwille and Haustein,
2001). FCCS curves were fitted with a diffusion-only model. Diffusion times
and diffusion coefficients are reported ± SD. We report normalized cross-cor-
relation values as Fcross, the fraction of molecules cross-correlating ± SD (Triffo
et al., 2012). Differences in Fcross significance were examined using both t test
(two tailed, unequal variance) and Mann-Whitney U. Calculation of diffusion
times, diffusion coefficients, Fcross, and fitting are detailed in the Supplemental
Information.
Detailed methods are provided in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.05.005.
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